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‘TRANSMISSION ELECTRON MICROSCOPY'AT:2.5~MeV

Penetration and Reduction in Radietion Damage (Biological Specimens)

Gareth Thomas

ﬂ,Inorganlc Materlals Research D1V1810n Lawrence Berkeley Laborato*y and
Department of Materials Science and Englneerlng, College of Englneerlné,
Univer31ty of falifornia, Berkeley, California -
_and'
QC Laceze
Laborat01re d'Oothue Electronlque du CNRS
: 31-Toulouse France
VABSTRACT
| Measurements of penetratlon on 5111con and auaten1t1c stalnless sneel
have been continued us1ng the same crlteria as prev1oua1y reported
(G. Thomas, Phll Mag y 17, 1097 1968) up to 2. 5 MeV" u31ng the 3MeV
Loulouse,electron-mlcroscope. The results show that penetratlon increases
to about lhu at 2. 5 MeV for 5111con although the curve starts to flatten out
above 1.5 MeV but no 51gnif1cant gain was found for stalnless steel |
(uQu at 2.5 MeV). Prlmary'knock-on damage occurs readily in both materials.
- The crltlcal voltages for LLO silicon ‘and ko2 tantzlum vere measurad, and
both found to be 1. h MeV. - |
Measuremente of rediation oamege in g-valine and gifcine-have shown
very encouraging fesulté, viz., a dfdmatic decreasebin damage occurs
above 1 MeV,lcontrary'to ﬁhat ;s.predicted‘by "etoﬁping power"ttheory.
At 2.5 MeV the,eiectron exposnfe that'ie toiefebie,ie'qc*e'3g-times greater
than the criticalzexpOSure measured at 100 KeV. Taus, Veryvhigh_volte;e
xeleﬂtron nlcroscopf lu expec ted>to be very 51§n1:1cant for blolOoL”&-
research, e.g “hign r" Olut1on, and for observations of‘;mylng cells

as well ag for research in the polymer field;



INTRODUCTION

Although the major advantages of high VOlﬁage electron'microseooy

‘have now reoeived soﬁe considerable attention so far experlmental data
-have been malnly 11m1ted to up to 1.2 MeV e. g. studles of penetratlon

~ (Dupouy and Perrier 1962-6h Fujita et al l967 Thomas 1968 Hale and’

Henderson-Brown 1969 Uyeda and Nonoyama 1968 Humphrles et al. 1971),
critical (dlsappearance) voltage phenomena (Uyeda 1968;'Bell_1969;
Lally et al. 1970)3 radiation damage (e.g. Makin 1969' Urban and Wilkens-,

1972 Thomas et al 19705 Kobayashi and Ohara 1966 Claffey and . Parsons

'1972 Glaeser 1971), 1mprovements in resolution of brlght field inages

of defects (Bell and Thomas 1972; Gorlnge et al. 1972) and applications

“in materlals sc1ence and blology (for reviews see for example Dupouy

'1968 Cosslett 1970 Bell and Thomas 1972; Fisher 1972).

In 1970 Duoouw et al. published thelr ploneering work descrlblng

 the Toulouse 3 MeVVmicroscope. It was ant1c1pated that the advantages

'whlch could now be attalned would 1nclude 1mprovements in penetration.

For metallic_erystals primary knock—on dsmage should be observable in,

- heavy metals and crltlcal voltages attainable for a wide range oi reflections

and crystals. However knock~on damage limits the appllcatlons of very

hlgh voltage electron m1croscopy of 1norgan1c materlals. of 51gn1f1cant
1nterest is radlatlon damage 1n blologlcal and polymer1c Speclmens since
thls damage handleaps the- attalnment of high resolutlon 1mages of 51ngle-

atoms and molecules,rand dynamicrobservatiOns of.living cells. Although

stopping power theories predict a decrease in specimen lifetime above

-1 MeJ, i.e., the radiation damage should not thenﬂdecrease (e.gf

Glaeservl971),-‘Cosslett (1971)FSuggested‘that the-eleetron energy

vde?ositedein[the sample is:lessiat-higher voltages so that a reduction
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" damage determined by recording the lifetimee_(times to destruction) of

in radiatibn'damage‘might then be expected. It is obvious that experizental
data on this aspect are sorely needed
Thus the present paper descrlbes some results whlch have been :

obtained up to 2.5 MeV on the Toulouse microscope in which penetration'

fURS

measurements have been eontiﬂued on Si and stainless steel using the

'k §

same criterié._ as described previously (’fhomas 1968); determinations of
the dieappearance voltage for the-hho reflection in siliconband 422 in
tantalum were made and measurements of radlatlon damage in organlc
crystals (l—vallne, glyc1ne) ‘have been performed.
EXPERIMENTAL |

Thick speclmens of epltaxial silicon 51ngle crystals (dlamond cubic
“structure) were especlally grown for these experlments, so as to contadn
relatively high den51t1es of stacklng faults in order to fac111tate the
penetration measurements. Foils were prepared by chemical thlnnlng in
the usual way. Similarly foils of austenitic stainless steeli(fece
centered_cubio etructuie); which had been heatAtreated after defofmation
to contain twins and disloeafion pile-ups, were ootained‘by electropolishing.
Foils of silieon were also puepa:ed from.specimens which_had been.deformed
at high temperetufes. ' |

Thin spec1mens ofg,-vallne and- glyc1ne sultable for radlatlon damage

experiments were prepared as descrlbed by Glaeser (1971) The specimens

500 - lOOOA thick were mountad on thln carbon support films, and the

crystalline diffraction patterns as a function of beam current and
accelerating voltage, e.g. Kobayashi and Ohara (1966); Glaeser (197i).

The use of the diffraction pattern rather tha;vthe image,'facilitetesu
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measurémentsibecause shorter photographic exposure times are required.

RESULTS

a) Penetration
Figure 1 shows the results of the penetration measurements which

were all carried out above 1 MeV using the same objecti#e aperture size

.(20u) with the foils oriented to excite a low order'sjstematic set of

reflections (220 for silicon; 111 for stainless stéél); As in the previous
expériments (Thomas 1968) the'penetrétion limit wag‘tﬁkén to oceur at

that thickness at which intérference fringes at faults (Si)'or twiné(steel)
were destroyéd by absorption, care being taken to'ehsure propér foéusing
and maximum contrast at each stage of measurement.v Since the Bragg angle -
changes with.yoltage, tilting is necessary to maiptain bptimum-cpnditions.
Typical examples'of the diffnaéting conditions are shovn in'Figi 2b and 3b.‘
The foil thickness can be found accurately from thelﬁrace of the fauit
plane, foil orientation (from the Kikuchi pattern), and the tilt angles.
Figure 2 shows an example of the method used: a) shows a stacking

fault in silicon for which all fringes.are visibie at 2u thickness at

1.5 MeV. ‘The fault is then traversed into the thickér regions until

the fringes are no longer visible (it is necessary_to.recofd these end
points photogfaphically) keepiﬁg‘the orientation constaﬁt. Magnificétions

used for obtaining the images were 5,000 x (accurate to 5%). In Fig. 2c

'there are still 6-8 fringes visible at 2.5 MsV at a'thickness of 1k

(open‘circies, Fig. 1). Experience has shown that this condition
corresponds to the useful practical limit for routine microstructural
characterization. Whilst channelling can increase penetration, the

resolution ih the channelling mode is poor (Bell ‘and Thomas 1972) and so
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this orientation is not of significant practical interest.

Figure 3 Shcws an.example of the thickness limit at 2.5 MeV for
stainless steel; The twin fringes are damped out but,the inclined
dislocations still show aboﬁt three oscillations at each foil surface.
The resolution is good on&ef these oonditions; although screen visibility
is poor and lohger than normal'exooSufe times'(S—lo secs) are necessary
to obtainlsueh images. The thlckness at this stage is about 2.2u. It
will be noted that there is no 31gnificant galn in penetratlon for
stainless steel between 1 MeV and 2.5 MeV.* There'ls.also no signifi-
cant depth-dependence-df the resolutionvof the dislocation lines (top-
bottom effect, Hashlmoto 196h) |

After these results were obtalned Humphrles (1972) publlshed a
theoretlcal‘paper' dlscu531ng the optimum orlentatlons and voltages for
penetratlon in metals taklng alumlnum, iron and gold as repreSentatlve
of light, medium and heavy elements. He suggested that 3 MeV is the
maximum‘voltage forjlight‘elements 2 MeV for medlum'welght metals and
1 MeV.for heayy metals. . These results are in general agreement with
the present experimental‘data,especially fo: light elements, although
Hﬁmphries' theory appears'to be more optimistic.for medium weight

metals than is actually observed (Fig. l) However,‘at these high

voltages knock—on damage and assoc1ated effects alter the nlcrostructure

2.g. formatlonvof clustered point defects, Figs. 2,3, deCoratlon of
dislocations (Goringe et al. 1972), so that apart from investigations

of radiation damage and its applications forhreactor technology,

*This result has been confirmed using an independent method by Drs.
Jouffrey and Reynaud at Toulolse.

-
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accelerating voltages above one to two MeV are not very useful for

metallurgic&l,research;

' b) Measuréement of Critical Voltages

The critical voltages for 4lLO silicon and h22 téntalUmfwere measdfed

both by u51ng the Kikuchi- llne and dlvergent beam technlques (Bell 1970

Lally et al 1970) and the voltage callbrated by taklng low magnlfl-

‘cation Kikuchi patterns (Thomas 1970). The values obtained were,

coincidentally, the same viz., Si(Lho) 1.4 Mev, Ta(k22) 1.4 MeV, to
within experimental error (+ 10kV).

c) Radiation Damage in Amino Acids

The specimens of %-valine and glycine are crystalline amino acids
in which there is extensive hydrogen bonding between molecules. ‘The

Drincipél “damage occurs as a result of inelastic scattering in the

’sample and knock-on or dlsplacement damage plays a relatively small

'role. Previous results (Glaeser 1971) indicated that the crltlcal

exposure that just corresponds to complete fading of the'diffractien'

sbatternfis,independeht'of the intensity (dose rate) of irradiation in-

the range. 80 kV - 500 kV, 1ndlcat1ng that spec1men heat11g is not an
1mnortant effect in the destructlon process

Flgures b, 5 shcw’the results obtalned at 0.5 meV and above. The
current den51t1es were aetermlned dlrectly w1th the use of a Faraday

cage laced in the projector chamber, sultable allowance belng nade fo* ‘

the magnifications. A}condenser aperture'of’ZOQn was used and dlIfract;on .

v pétﬁerns recorded using the selected area diffraction mode. mbe data

points in Figs. b, 5 rcpresejt the average of at 1east six "easurement

The fading times were all determined photographically as it was found
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that ﬁﬁe eye wa;xﬁot sensitive enougﬁ to determine the actual end of the
destruction procéss and‘gives an underéstimaté of the lifetimes. A‘
fine fbcus‘spot was used so as not to destroy too muph of the sample
.on any oné grid and the grids wére scanned systematically from‘edge to
edge. The data confirm that the lifetimes are indepéndént of dose rate -
up to 2.5 MeV aé the crifical éxposﬁré plbts all havé slopéS'of minus
one, on a log-log graph. |

When the exposures arevplottéd (i.e. lifetime x current density) against
voltagé'(Fig.‘6), the great gain in.lifetimes becomes oBvious (é.g. a factor
of ~ten from 1 _Mev; to 2.5 MeV or ~30 from 100 kV to 2.5 MeV, for valine).
Also of great'significance is fhat when-the stopping ﬁower equationv
(Rohrlich and Carlsen:l95h) is plofted it is immediatély'apparent that
the latter éihplyvdoes not apply and consequently muchvbf the apprehension
of biologiéts as to the usefulness of eléctron micrbscdp&.above 1 MeV
has now been'rempved. A discussion of the further advantagés in.gain
in resolution arising from the gréht decrease in damagé rate with
inéreasing energy vil1 be given in another paper (Thomas and.Glagser 1972). .
It is suggested here‘that energies up fo S_MeV Qill be of great significance
for biological and‘polymér_reséarch.
SUMMARY | |

Electron microscopy above 1 MeV has been shown to be extremely
advantageous for.qrgaﬁic/biologigdl materials becausebof the great
reduction in fadiation damage. These encouraging fesuits'indiqate_
that Qe may expect exciting developments in bioiogical researcb e.g. a

great gain in resolution and possibilities for direct studies of living
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In 1norgan1c ‘materials the gain in penetratlon appears to be

SIgnlflcant only for 11ght materlals However, crltlcal voltages

can be measured for a wider renge of reflections and ﬁaterials if

a 3 MeV microscope is available.
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.-glycine :crystals. The stopplng power curve 1s also plotted

_ (normalized to'O 5 MeV) The dramatwc decrease 1n radlatlon damage
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FIGURE CAPTIONS
1. Penetration data obtéined for silicon énd stéinleSs steel.
Open circles correspond to‘thicknesses for which up to six‘fringes K N
aré visible at Staéking'faults. Closed trianglés corréspond to totﬁl
loss of‘fringes. The opén triangle at 2;5 MéV COrrésands to the

thickness for which all fringes are just visible. All results

obtaihei for systematic reflections as shown in Figs. -2, 3.

2. Exémples of the fringe'technique for -obtaining the data of Fig. i,
(b) shows the orientation of the systematlc 220 set of reflectlons

- brlght field 1mages a; c obtaLned for g 220.with S‘slightly positive.
Thicknesses obtained from the fault traces. | |

3. Similgr to Fig. 2.but fér ausﬁeﬁitic staihléss‘steel. (a) bright
field image g =.lliv(s slightly positlve) ‘Notice good dlslocatlon |
resolutlon but no fringe contrast at the tw1n 1nterfaces, irradiation
damagé is evident. Thlckne:: éf; MeV.

L. Specimen lifetimes for complete destruction- Qf‘diffraction
patterns of 2—§aline crystals as a function of beaﬁ current density
and accelerating voitage. N |
5. As fig. ﬁ but for élycine;cryétals.

6. Critical exposure vs accelerating'voltageAfor g-valine and

with voluage above 1 MeV is apoarent
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PENETRATION

).
A SILICON @g=111 Systématic

V¥V @ SiLicoN g=220 ”

(1)

8 [ 'STAINLESS STEEL g=111 »

e

(1)G.THOMAS. PHiL.MAG.17 1097(1968)

1.5 20 2.5 3.0 Mev

XBL 728-0771

Fig. 1
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Silicon - stacking fault

a) VZ1500kV .

bcyv=2500kV
t= 13
g =<220>

XBB 728-L086
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Fig. 3
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